In oxygenic photosynthetic eukaryotes, the hydroxylated carotenoid zeaxanthin is produced from preexisting violaxanthin upon exposure to excess light conditions. Zeaxanthin binding to components of the photosystem II (PSII) antenna system has been investigated thoroughly and shown to help in the dissipation of excess chlorophyll-excited states and scavenging of oxygen radicals. However, the functional consequences of the accumulation of the light-harvesting complex I (LHCI) proteins in the photosystem I (PSI) antenna have remained unclarified so far. In this work we investigated the effect of zeaxanthin binding on photoprotection of PSI-LHCI by comparing preparations isolated from wild-type Arabidopsis thaliana (i.e., with violaxanthin) and those isolated from the A. thaliana nonphotochemical quenching 2 mutant, in which violaxanthin is replaced by zeaxanthin. Time-resolved fluorescence measurements showed that zeaxanthin binding leads to a previously unrecognized quenching effect on PSI-LHCI fluorescence. The efficiency of energy transfer from the LHCI moiety of the complex to the PSI reaction center was down-regulated, and an enhanced PSI resistance to photoinhibition was observed both in vitro and in vivo. Thus, zeaxanthin was shown to be effective in inducing dissipative states in PSI, similar to its well-known effect on PSII. We propose that, upon acclimation to high light, PSI-LHCI changes its light-harvesting efficiency by a zeaxanthin-dependent quenching of the absorbed excitation energy, whereas in PSII the stoichiometry of LHC antenna proteins per reaction center is reduced directly.
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photosynthesis | xanthophylls | violaxanthin de-epoxidase | photobleaching I n eukaryotic photosynthetic organisms, photosystem I (PSI) and photosystem II (PSII) comprise a core complex hosting cofactors involved in electron transport and an outer antenna system made of light-harvesting complexes (LHCs): Lhcas for PSI and Lhcbs for PSII. The core complexes bind chlorophyll a (Chl a) and β-carotene, whereas the outer antenna system, in addition to Chl a, binds chlorophyll b (Chl b) and xanthophylls. Despite their overall similarity, PSI and PSII differ in the rate at which they trap excitation energy at the reaction center (RC), with PSI being faster than PSII (1) (2) (3) (4) (5) (6) (7) (8) (9) . They also differ in their structure (10) (11) (12) . PSI is monomeric and carries its antenna moiety on only one side as a half-moon-shaped structure whose size is not modulated by growth conditions (13, 14) . PSII, on the other hand, is found mainly as a dimeric core surrounded by an inner layer of antenna proteins (Lhcb4-6) and an outer layer of heterotrimeric LHCII complexes (Lhcb 1-3) whose stoichiometry varies depending on the growth conditions (7, 12, 13, 15) . Acclimation to high irradiance leads to a lower number of trimers per PSII RC accompanied by loss of the monomeric Lhcb6. These slow acclimative responses regulate the excitation pressure on the PSII RC, preventing saturation of the electron transport chain (16) and the oxidative stress in high light (HL), leading to photoinhibition. The response to rapid changes in light level is managed by turning on some photoprotective mechanisms, such as the nonphotochemical quenching (NPQ) of the excess energy absorbed by PSII (16) , which is activated by the acidification of the thylakoid lumen and protonation of the trigger protein PsbS or LhcSR. Low luminal pH also activates violaxanthin de-epoxidase (VDE), catalyzing the de-epoxidation of the xanthophyll violaxanthin to zeaxanthin (17, 18) , a scavenger of reactive oxygen species (ROS) produced by excess light (9, 13) . Zeaxanthin also enhances NPQ, as observed in vivo by a decrease of PSII fluorescence (19) . The short-term effects of exposure to HL on PSI have been disregarded thus far. Because of its rapid photochemistry, PSI shows low fluorescence emission, implying a low 1 Chl* concentration and a low probability that chlorophyll triplet states will be formed by intersystem crossing. This characteristic suggests that the formation of oxygen singlet excited states ( 1 O* 2 ) is reduced and that NPQ phenomena in photoprotection are less relevant in PSI (20, 21) . Nevertheless, several reports have shown that, especially in the cold (22) (23) (24) (25) (26) (27) (28) (29) , PSI can exhibit photo-inhibition, with its Lhca proteins being the primary target (24, 30) . Upon synthesis in HL, zeaxanthin binding could be traced to two different types of binding site. One, designated "V1," is located in the periphery of LHCII trimers (31) (32) (33) . The second, designated "L2," has an inner location in the dimeric Lhca1-4 and the monomeric Lhcb4-6 members of the LHC family (34) (35) (36) (37) . Experimental determination of the efficiency of the violaxanthin-to-zeaxanthin exchange yielded a maximal score in the Lhca3 and Lhca4 sub-
Significance
Chloroplasts are particularly prone to photooxidative damage, and carotenoids play a key role in photoprotection. Under excess light conditions, plants accumulate a carotenoid, zeaxanthin, involved in multiple photoprotection events. Although the function of zeaxanthin in photosystem II (PSII) has been investigated thoroughly, its role in photosystem I (PSI) had not been identified. In this work we report a zeaxanthin-dependent regulation of PSI functional antenna size in Arabidopsis thaliana. We identified a zeaxanthin-dependent quenching process coupled to improved photostability of PSI, as measured in isolated complexes and leaves. We show that, similar to its action in PSII, zeaxanthin binding to components of PSI leads to the formation of carotenoid radical cations, quenching a fraction of the excitation energy absorbed.
units (24, 25) . Interestingly, Lhca1/4 and Lhca2/3 are bound to the PSI core as dimers that can be isolated in fractions identified as "LHCI-730" and "LHCI-680," respectively, both accumulating zeaxanthin to a de-epoxidation index of ∼0.2 (20, 38) . Lhca3 and Lhca4 carry low-absorption-energy chlorophyll forms known as "red forms" (39, 40) that are responsible for the red-shifted PSI emission peak at 730-740 nm at 77 K. The molecular basis for red forms is an excitonic interaction of two chromophores: chlorophylls 603 and 609 located a few angstroms from the xanthophyll in site L2, which can be either violaxanthin or zeaxanthin depending on light conditions (41, 42) . It is unclear whether the binding of zeaxanthin to the PSI-LHCI complex has specific physiological function(s) or is simply a result of its common origin with Lhcb proteins.
The goal of this study was to understand whether zeaxanthin plays a role in PSI-LHCI photoprotection. To investigate the role of zeaxanthin bound to Lhca proteins, we analyzed the changes in antenna size and Chl a fluorescence dynamics in PSI supercomplexes binding either violaxanthin or zeaxanthin. We found a zeaxanthin-dependent regulation of PSI antenna size and an enhanced resistance to excess light upon zeaxanthin binding. These results show that dynamic changes in the efficiency of light use and in photoprotection capacity are not exclusive to PSII, as previously thought; instead, eukaryotic photosynthetic organisms modulate the function of both photosystems in a coordinated manner.
Results
Zeaxanthin Accumulation Improves PSI Photoprotection in Vivo. To verify that zeaxanthin has a photoprotective role for PSI-LHCI, we measured the activity of the RC of PSI (P700) in leaves of Arabidopsis thaliana following HL treatment (1,000 μmol·m ) at 4°C. The activity of the PSI RC (P700 > P700 + ) was measured by detecting the loss of absorption at 705 nm following a saturating light pulse as previously described (43) . We compared the WT leaves with the nonphotochemical quenching 1 (npq1) mutant leaves, which lacks VDE activity and cannot form zeaxanthin upon light stress (44) . In our experimental conditions, the conversion of violaxanthin to zeaxanthin in WT leaves yielded de-epoxidation indices of 0.3 and 0.5 after 30 min and 90 min of illumination, respectively. In Fig. 1A we report P700 activity: Although it remained essentially constant in WT leaves, a small reduction being detected only at 90 min, P700 activity in npq1 leaves was reduced significantly after 30 min and decreased further (to a 25% loss) upon 90-min treatment. These results suggest that zeaxanthin accumulation in thylakoid membranes prevented PSI photoinhibition, thus allowing sustained P700activity.
Photoprotection in Purified PSI-LHCI. It can be asked whether the photoprotective effect of zeaxanthin is caused directly by its binding to the PSI-LHCI complex or is an indirect effect from PSII-LHCII, where it can be found bound, decreasing the production of reactive oxygen species (ROS) which diffuse from grana to PSI in stroma membrane domains (45) . To identify the photoprotective effects specifically associated with PSI-LHCI, we extended the experiments to isolated PSI-LHCI. PSI-LHCI complexes with or without zeaxanthin were purified by sucrose gradient ultracentrifugation of thylakoids solubilized with dodecylmaltoside (46) from the A. thaliana nonphotochemical quenching 2 (npq2) mutant, which lacks violaxanthin and constitutively accumulates zeaxanthin (44) , or from dark-adapted WT A. thaliana, which contains violaxanthin but not zeaxanthin. Pigment analyses of the isolated PSI-LHCI complexes are reported in Table S1 . P700 activity was measured in isolated PSI-LHCI upon illumination with HL (1,000 μmol·m
The results are reported in Fig. 1B . The light-induced formation of P700+ was similar in both PSI-LHCI complexes before HL treatment. However, when the actinic light was switched on, the activity declined faster in the violaxanthin-binding sample than in the zeaxanthin-binding sample. In the first 30 min, the loss of P700+ was twice as strong in the PSI-LHCI from WT A. thaliana as in the PSI-LHCI from A. thaliana npq2. At longer treatment times the difference declined; however, even after 2 h of illumination violaxanthin-binding PSI-LHCI had 20% less activity than zeaxanthin-binding PSI-LHCI (Fig. S1 ). Finally, we measured the loss of chlorophyll absorption caused by photobleaching during the light treatment ( Fig. 1C ) and found less photobleaching of PSI-LHCI in the presence of zeaxanthin, as is consistent with of zeaxanthin' having a photoprotective role.
Localization of Zeaxanthin Within PSI-LHCI. Previous reports demonstrated that zeaxanthin can be found in PSI-LHCI and is bound by LHCI proteins (20, 36, 38) . To localize zeaxanthin within the PSI-LHCI supercomplex, we fractionated it into its two components, PSI-core and LHCI, by a procedure reported previously (47, 48) . Fig. S2 shows the sucrose gradient separation pattern of the dissociation products from PSI-LHCI isolated from dark-adapted WT A. thaliana and npq2 leaves and from WT A. thaliana leaves stressed for 30 min at HL (hereafter referred to as "stressed WT") to induce zeaxanthin accumulation. Fraction 1 previously has been attributed to pigments known as "gap pigments" at the interface between the LHCI and PSI-core moieties of the supercomplex (10) . In addition, pigments originally bound to pigment proteins and freed by the dissociation procedure also might be present in this fraction. Fraction 2 is composed of LHCI complexes, and fraction 3 is composed of the PSI-core. Fractions 4 and 5, with higher molecular density, originate from PSI-core complexes that still retain portions of Lhca proteins. Pigment analysis (Table S2 ) of the different fractions reveals that some zeaxanthin can be found in all fractions from either npq2 or stressed WT samples but is highly enriched in fractions 1 and 2. In particular, we quantified the chlorophyll content in the different fractions in the gradient and used these data to calculate the distribution of zeaxanthin within the fractions (Table S2) . Of the total zeaxanthin, 44% was found in fraction 2 (LHCI), 37% in fraction 1 (gap pigments + freed pigments), 5% in fraction 3 (PSI-core), and 6-12% in fractions 4 and 5. Values in the two zeaxanthin-binding samples (npq2 and stressed WT) were similar. A similar distribution was found for violaxanthin in WT PSI-LHCI. These results suggest that the violaxanthin/zeaxanthin exchange in PSI-LHCI occurs predominantly in LHCI and in the gap pigments.
Functional Characterization of Zeaxanthin-Binding PSI-LHCI Complexes. To investigate the mechanism by which zeaxanthin increases photoprotection in PSI-LHCI, we measured the spectroscopic properties of PSI-LHCI and LHCI isolated from WT and npq2 A. thaliana plants as described in ref. 48 . Absorption spectra of PSI-LHCI complexes binding violaxanthin or zeaxanthin are reported in Fig. S3 . Small differences are detectable in the Soret and in the Q Y region, resulting from zeaxanthin absorption at 500-510 nm and a slight increase in Chl b content in the presence of zeaxanthin (peaks at 470 and 650 nm). Similar results were found for LHCI from WT and npq2 A. thaliana (Fig. S3 B and C) . Fluorescence emission spectra of PSI-LHCI and LHCI at 77 K instead showed increased amplitude of the 730-nm vs. the 685-nm peaks in the npq2 sample as compared with WT. This finding suggests that zeaxanthin binds to the L2 site in proximity to chlorophylls 603 and 609, because the interaction between chlorophylls 603 and 609 originates the red forms (41) . To investigate further the effect of zeaxanthin binding to Lhca proteins, we measured the stoichiometry of PSI-core complex vs. LHCI in WT and npq2 PSI-LHCI by SDS/PAGE and Coomassie blue staining, as previously reported (48) . As shown in Fig. S4 and as is consistent with previous work (13, 48, 49) , no significant changes in the amount of Lhca proteins per core complex could be detected when comparing WT and npq2 samples. We then determined the functional antenna size of PSI-LHCI in WT and npq2 samples. To do so we measured the rate of P700+ formation under limiting light (μmol·m
), which is inversely related to the functional antenna size of PSI-LHCI (14) . Fig. 2 shows the kinetics of P700 oxidation by plotting the P700 activity as a function of time. P700 kinetics clearly are slower for npq2 PSI-LHCI than for WT. Kinetics were fitted with monoexponential functions, and the associated time constants τ were used to calculate the size of the functional antenna (expressed as 1/τ) in PSI-LHCI samples. As reported in Fig. 2 , the presence of zeaxanthin induced a decrease of the size of the functional PSI-LHCI antenna by ∼30%.
Time-Resolved Fluorescence Analysis of PSI-LHCI, LHCI, and PSI-Core
Samples. The changes in functional antenna size detected in the absence of biochemical differences in the stoichiometry of pigment proteins suggest that the differences between WT and npq2 samples might be functional. To evaluate any influence of zeaxanthin on the migration of excitation energy to the RC (1-5), timeresolved fluorescence measurements were performed on isolated PSI-LHCI supercomplexes. Broadband fluorescence decay kinetics was measured with a streak camera detector in the 600-800 nm wavelength range (Fig. S5) . Previous kinetics studies on PSI showed predominantly fast fluorescence decay within 500 ps, although a long-lived component (with a time constant from 700 ps to a few nanoseconds) was identified in all the different preparations measured (1-6, 50, 51) . This long-lasting component was ascribed to contaminants such as disconnected chlorophylls or poorly connected antenna proteins. Recently, however, Jennings and coworkers (3) suggested the presence of an intrinsic longlasting component of PSI deriving from a fraction of associated LHCI with a slow energy transfer to the PSI-core complex. We measured the kinetics of PSI-LHCI fluorescence decay using two different observation windows, one in the time range of ∼200 ps and another up to 10 ns, with indicative corresponding time resolution of 3 and 100 ps, respectively, to estimate both shortand long-lasting decay components properly. Fig. 3 reports the fluorescence decay kinetics extracted from maps of PSI-LHCI in 
to the peak of fluorescence emission. In both cases decay kinetics are clearly faster in presence of zeaxanthin, especially in the 670-690 nm range, where the contribution of antenna proteins is more evident when PSI-LHCI fluorescence is measured at room temperature (52) . A global analysis fitting procedure was applied to analyze fluorescence decay kinetics (53) . Briefly, the wavelength-time 2D fluorescence maps were fitted using the sum of four terms, each being the product of a 1D exponential decay function in time with a 1D spectrum (called "decay-associated spectrum," DAS). In this manner, the exponential decay constants were assumed to be independent of wavelength. This procedure allowed the measured fluorescence maps to be decomposed into four contributions, each describing the fluorescence spectrum associated with a specific decay time. In particular this fitting procedure was applied to the time range of 0-200 ps, when most of the emitted fluorescence decays. The longer exponential function, with a nanosecond time constant, was estimated properly by fitting the dataset for the 10-ns time range and was fixed by fitting the time range of 0-200 ps. To analyze the PSI-LHCI data properly, fluorescence decay maps in the 600-to 800-nm range were obtained similarly for isolated LHCI and PSI-core complexes (Fig. S5) . Extracted DAS are reported in Fig. 4. i) In PSI-core samples, fluorescence kinetics are dominated by a 13-ps decay component with spectrum peaking at 689 nm for both WT and npq2 samples (red curves in Fig. 4 C and D), usually associated with bulk inner antenna chlorophylls of PSI-core complexes (3-5, 54, 55) . Additional components identified include a 5-to 6-ps positive/negative component representing the energy equilibration between the bulk pigments and the low-energy forms associated with the PSI-core (55, 56) and a 58-ps (npq2) to 65-ps (WT) component characterized by a peak at 689 nm and a red-shifted shoulder at ∼720 nm, which has been associated with the presence of red-shifted forms in the core (4). Finally, a 2-ns contribution having very small amplitude was identified in the PSI-core, likely caused by low-level contamination from disconnected Lhca proteins in the preparation. No major differences between WT and npq2 samples could be detected in either time constants or spectral shapes of the DAS. This finding is consistent with the binding of Chl a and β-carotene, but not zeaxanthin, to this complex. ii) In LHCI samples, the positive-to-negative energy transfer component is slowed to 13 ps in WT and to 18 ps in npq2, indicating a general reorganization of the pattern of excitation energy transfer when the pigment-binding proteins are in detergent, leading to a slower energy reequilibration kinetics (4).
The dominant decay component in LHCI can be described by a single exponential with a 2.3-ns time constant in WT that is reduced to 1.8 ns in presence of zeaxanthin (npq2), suggesting the activation of some dissipation mechanisms in presence of zeaxanthin. The spectrum of this component is characterized by a main peak at 690 nm and a red-shifted shoulder at ∼720 nm in both samples. A third, minor, ∼200-ps component present in both samples is slightly faster in npq2 samples, with a peak at 690 nm, and a less evident >700-nm contribution. The different components of LHCI fluorescence decay kinetics have been associated with different conformations of the Lhc proteins (57, 58) . iii) In the PSI-LHCI supercomplexes, four components were needed for the deconvolution of decay kinetics, with time constants of 5 ps, 18-12 ps, 50 ps, and 3-4 ns, respectively. The 5-ps energy transfer component is present in both WT and npq2 PSI-LHCI with similar DAS, showing greater amplitude of the positive contribution when compared with the data from PSI-core samples. The next fastest component was slower in WT PSI-LHCI (18 ps) than in PSI-core (13 ps) samples and showed a red shift from 690 nm to 700 nm (Fig.  S6A ). This result indicates that this 18-ps DAS is dominated by fast excitation energy transfer from the outer, red-shifted LHCI proteins to the inner PSI-core bulk chlorophylls. Interestingly, this component was faster in the presence of zeaxanthin, with a time constant of 12 ps, very close to the 13 ps of the isolated PSI-core, but still peaked at 700 nm. This result suggests that the presence of zeaxanthin in the PSI-LHCI complex induces the rapid dissipation of a fraction of the excitation energy absorbed in LHCI. Consistently, the 12-ps DAS of the npq2 sample had a reduced 720-nm contribution compared with the 18-ps DAS of the WT sample (Fig. S6A) , suggesting a reduced contribution from the red-shifted outer antennas. The longer ∼50-ps DAS identified in both WT and npq2 samples was characterized by two spectral components at 700 and 725 nm (Fig.  4 A and B) . This component is the red-most DAS in PSI-LHCI and is dominated by fluorescence emission from the LHCI moiety of the supercomplex. In presence of zeaxanthin, the amplitude of the 725-nm peak is clearly reduced compared with the 700-nm peak (see also Fig. S6B ), suggesting that the excitation energy associated with LHCI is reduced, as is consistent with zeaxanthin-dependent dissipation activity in LHCI. The longest decay component of PSI-LHCI has been measured as 4.5 ns in WT and as 3.3 ns in npq2 samples (Fig. 4 A and B) . This component, which contributes only 3.9% to the DAS of WT PSI-LHCI and 2.4% to the DAS of npq2, is rather different in the two samples, with an increased contribution at 740 nm in presence of zeaxanthin (Fig. S6C) . Previously, this contribution was ascribed to contaminants, such as free pigments, PSII complexes, or poorly connected LHCI antenna proteins. However, the presence of a 740-nm emission peak in both the WT and npq2 samples suggests instead that it derives from a population of LHCI proteins poorly transferring to PSI-core. When calculating the average fluorescence lifetime (τ AV ) of PSI-LHCI, this long-lasting component usually is not considered. τ AV is a value that allows calculation of the effective trapping time across the PSI emission band (52) . The results, reported in Fig. 5 , demonstrate that the τ AV clearly is reduced in zeaxanthin-binding PSI-LHCI at wavelengths below 700 nm and in the far-red region above 730 nm. Fluorescence emission in these regions is influenced more by LHCI than by the PSI-core. Taken together these results suggest that the presence of zeaxanthin induces a partial quenching of excitation energy absorbed by LHCI but does so only when it is connected to the PSI-core.
Zeaxanthin-Dependent Charge Transfer Quenching in Lhca4. The nature of the zeaxanthin-dependent dissipative mechanism in LHCI was investigated using a simple and homogeneous system consisting of isolated Lhca4, i.e., the LHCI component with the red-most fluorescence emission forms. Lhca4 proteins with either zeaxanthin or violaxanthin, in addition to Chl a, Chl b, and lutein, were prepared as previously reported (59) ( Table S3 ).
The most noticeable spectroscopic features in LHCI proteins are the red-shifted forms originating from a charge-transfer state between two closely interacting chromophores, chlorophylls 603 and 609 (41, 60) . To investigate the possible influence of the red forms on quenching, we analyzed a mutant version of Lhca4 carrying an N47H (Lhca4-NH) mutation that suppresses the red forms (29) . The fluorescence quantum yields of the WT and N47H Lhca4 proteins binding either lutein + violaxanthin (Lhca4-NH-LV) or lutein + zeaxanthin (Lhca4-NH-LZ) are reported in Table S4 . The reductions in fluorescence yield caused by zeaxanthin and by the red forms were 14-19% and 33%, respectively, as is consistent wit ref. 60 . Previous work with Lhcb4-6 proteins has shown that zeaxanthin binding to site L2 results in the formation of a zeaxanthin radical cation and quenching (59, 61) . Therefore we carried out transient absorption measurements at 980 nm as reported previously (59, 61) . The results are reported in Fig. 6 . In both Lhca4-WT-LV and Lhca4-WT-LZ the 980-nm transient absorption kinetics was characterized by a rapid rise followed by a slower decay, whereas the amplitude of the signal increased in presence of zeaxanthin. The zeaxanthin-dependent component, obtained by subtracting the Lhca4-WT-LV trace from the Lhca4-WT LZ trace, can be fitted by a single exponential rise with a 6-ps time constant and an exponential decay with a 167-ps time constant. In the absence of red forms (Lhca4-NH-LZ), the amplitude of the 980-nm transient absorption kinetics was strongly reduced. In Lhca4-NH-LV, a pure decay was observed. Again, the difference, Lhca4-NH-LZ minus Lhca4-NH-LV, can be described with a 6-ps rise and 100-ps decay. These results suggest that Lhca4 in detergent solution undergoes quenching of chlorophyll-excited states through the formation of zeaxanthin radical cations and that the efficiency of this reaction is enhanced by the tight interaction of chlorophyll 603 (A5) and chlorophyll 609 (B5) within the pigment-protein complex.
Discussion
In this work we show that zeaxanthin accumulation within the PSI-LHCI complex enhances photoprotection. In particular, upon light stress in vivo, the accumulation of zeaxanthin in the LHCI moiety of WT PSI-LHCI protects P700 activity as compared with PSI-LHCI from npq1, which lacks zeaxanthin ( Fig. 1 and Fig. S1 ). This effect was confirmed by measuring both P700 activity and chlorophyll photobleaching in isolated PSI-LHCI complexes. Zeaxanthin in PSI-LHCI has been reported previously to enhance chlorophyll-triplet quenching in LHCI proteins, thus reducing the formation of singlet oxygen (62) . Here, we show that zeaxanthin also down-regulates singlet chlorophyll excited states. The global analysis of the fluorescence decay kinetics of the PSI-LHCI supercomplex found decay components in violaxanthin-binding complexes to be basically in agreement with previous results (5, 6, 50, 51) , whereas in presence of zeaxanthin we identified decay components reflecting a reduction of the trapping time of the absorbed excitation energy (Fig. 5) . Moreover, although PSI-core decay kinetics remained unchanged in WT vs. npq2 samples, with a major 13-ps decay component, the corresponding decay component in PSI-LHCI was slowed to 18 ps in the presence of violaxanthin in the LHCI complex. With zeaxanthin (in npq2), a 12-ps component was resolved, suggesting that energy transfer from LHCI to the PSIcore is reduced. The contribution of outer LHCI proteins in the PSI-LHCI supercomplex is most evident in the intermediate ∼50-ps component. Here, the amplitude of red forms is clearly reduced by zeaxanthin (Fig. 4, and Fig. S6 ). In isolated LHCI proteins, however, the quenching effect of zeaxanthin is weak, and the fluorescence of both violaxanthin and zeaxanthin complexes decays mainly in nanoseconds. Thus, zeaxanthin-dependent quenching is most efficient when LHCI is connected with the PSI core. Zeaxanthin modifies the interaction between the PSI core and LHCI, causing switching from a light-harvesting state in which excitation energy is transferred efficiently to the PSI core, to a more dissipative state. This effect reduces the light-harvesting capacity of PSI-LHCI by 30% (Fig. 2) , and this reduction occurs within minutes after exposure to excess light without altering the stoichiometry between Lhca proteins and P700 (Fig.  S4 ) (48) . Zeaxanthin accumulates in PSI-LHCI complexes at the level of both LHCI subunits and the gap pigments (Table S2) , as is consistent with the release of violaxanthin upon the dissociation of LHCI from the PSI-core (49) . The interaction between LHCI and the PSI-core increases the amplitude of the red spectral forms in the complex, suggesting that this effect is caused by a conformational change within Lhca proteins or by favoring interactions between gap pigments, or both. These two modes of action might prove difficult to distinguish because of the orientation of LHCI subunits within the supercomplex, with Chls 603 and 609 and binding site L2 (32) hosting zeaxanthin (20) , facing the PSI core complex, located close to the gap chlorophylls, and likely acting as a bridge between the outer LHCI and the inner chlorophylls bound to PSI-core (4, 63) . Thus, zeaxanthin accumulates in close proximity to the site by which excitation energy is transferred from LHCI to the PSI core (6, 64) , increasing the strength of the red forms and slowing the migration time to the reaction center. The physiological role of red forms is still controversial in the absence of a mutant plant specifically lacking this feature. Red forms were associated with a charge-transfer state between chlorophyll 603 and chlorophyll 609 (65), which was proposed exclude the formation of quenching states (60) . This notion is consistent with our observation that the 50-ps DAS from PSI-LHCI, dominated by LHCI, reduces its amplitude in red-shifted forms upon zeaxanthin binding. We suggest this reduction is caused the enhanced activity of a dissipative channel in LHCI efficiently connected to the PSI core. We also detected a LHCI subpopulation with longer lifetime (i.e., not in dissipative state) in which red forms are increased by zeaxanthin binding (Fig. 4 A and B and Fig.  S6C ), likely as the result of a stronger interaction between chlorophyll 603 and chlorophyll 609. This effect has been reported previously for the homologous protein Lhcb4 (59), but we cannot be sure if this population is present in vivo or if it arises from a tiny fraction of PSI-LHCI damaged during isolation and/or measurements. We interpret this result as evidence of the presence of multiple Lhca protein conformations among which we can identify at least four different protein states: (i) a light-harvesting state with a lifetime of nanoseconds, which leads to efficient energy transfer to P700 when Lhca proteins are bound to PSI (60); (ii) a zeaxanthin-dependent partially dissipative state with a lifetime of nanoseconds, as seen by comparing Lhca proteins in detergent with and without zeaxanthin ( Fig. 4D and Table S4 ); this state cannot be observed in the PSI-LHCI supercomplex because it is quenched by P700 charge separation; (iii) a zeaxanthin-and red forms-independent dissipative state of ∼200 ps identified in the protein in detergent, which again cannot be observed in the PSI-LHCI supercomplex because of P700 charge separation (60, 66) ; (iv) a zeaxanthin-and red forms-dependent highly dissipative conformation in which quenching is induced by the formation of a zeaxanthin radical cation with a formation time of a few picoseconds, a rate comparable to that of P700 charge separation. We propose that this fourth dissipative state, detected in a subpopulation of zeaxanthin-binding Lhca4 in detergent (Fig. 6) , is stabilized by the interaction of LHCI with PSI-core/gap pigments and is responsible for the zeaxanthin-dependent, 30%reduction of the functional antenna size in vivo. We cannot exclude the occurrence of other kind of zeaxanthin-dependent quenching mechanisms (67) (68) (69) . The zeaxanthin-dependent reduction of functional PSI-LHCI antenna size is associated with improved photoprotection of PSI-LHCI both in vitro and in vivo. The need for zeaxanthin-dependent photoprotection mechanisms in PSI-LHCI likely is a consequence of the activity of Lhca proteins as "safety valves" and as primary targets of photoinhibition, according to a previous report (30) . We conclude that, although both PSI and PSII undergo a photoprotective state that is dependent on zeaxanthin, the operation of the xanthophyll cycle is significantly different. Upon HL stress, PSII undergoes the most rapid response, consisting in the activation of NPQ; on a longer time scale LHCII migration to PSI-LHCI (state transition) is inhibited (70) , thus reducing the size of the PSI-LHCI antenna. Zeaxanthin is accumulated in both photosystems, inducing multiple photoprotective effects including improved 3 Chl* quenching (62), ROS scavenging (71, 72) , and a further reduction of light-harvesting activity in PSI (this work). In the long term (days), HL stress induces a reduction in PSII antenna size (50% in the case of A. thaliana) (13).
Materials and Methods
Plants Growth and Light Treatment. A. thaliana (Col-0) plants were grown for 4 wk at 100 μE·m Measurement of P700 Activity. P700 activity was determined as P700 oxidation measured as a transient decrease in 705-nm absorption, as previously described (14) . When P700 activity was measured on isolated PSI-LHCI complexes, 2 mM sodium ascorbate and 750 μM methyl-viologen (Sigma-Aldrich) were added to the sample.
Pigments Analysis. Pigments from leaves and isolated proteins were extracted in acetone 80% (Sigma-Aldrich) and analyzed by deconvolution of absorption spectra in the visible region and HPLC (Thermo-Fisher Scientific) separation as previously described (13) .
PSI-LHCI, PSI-Core, and LHCI Isolation. PSI-LHCI was isolated from leaves as described in ref. 46 and 48. PSI-core and LHCI were isolated from PSI-LHCI samples as described in ref. 47 .
Streak Camera Measurements. Time-resolved photoluminescence measurements were performed using a femtosecond laser source (Chameleon Ultra II, Coherent) and streak camera detection system (C5680, Hamamatsu) as described in ref. 73 . Measurements of photoluminescence intensity as a function of both wavelength and time were obtained with spectral and temporal resolutions of ∼1 nm and ∼3 ps, respectively. Temporal broadening of the pump pulses caused by dispersive elements was confirmed to be well below the response time of the detection system. In the case of long-lifetime (>2 ns) measurements, an acousto-optic modulating pulse picker (APE Pulse Select) was used to reduce the oscillator repetition rate to 2 MHz, and a linear streak camera voltage sweep unit was used for detection, yielding temporal resolutions of ∼100 ps.
Global Analysis. The streak camera data were analyzed with software based on the approach described in ref. 53 .
Protein Overexpression and Reconstitution. Lhca4 WT and NH mutant were overexpressed in Escherichia coli, purified, and refolded in vitro as described in ref. 74 . During the reconstitution procedure, the added pigment mix contained either violaxanthin or zeaxanthin as described in ref. 59 . In the violaxanthincontaining mix, pigments were extracted from spinach as described in ref. 74 . For the zeaxanthin-binding complexes pigments were bought from Sigma-Aldrich.
Near IR Transient Absorption. Pump probe measurements were performed on Lhca4 complexes as described in ref. 59 , with a 650-nm pump and a probe with femtosecond resolution at 980 nm.
